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The  ultrastructural  morphology  of calcium  carbonate  (CaCO3) crystals  precipitated  by
eight culturable  speleothemic  bioﬁlm  bacteria  associated  with  not-so-far  explored  caves  of
Meghalaya were  studied  using  electron  microscopy.  The  isolated  bacteria  under  in  vitro  con-
ditions precipitated  CaCO3 in  the  media  when  supplemented  with  proper  calcium  source
which was  not  the  case  in  dead  cells  suggesting  that calciﬁcation  required  metabolic  activ-
ity  in  the speleothemic  environment.  Scanning  electron  microscopy  revealed  the  presence
of various  polymorphs  of  calcite  distinctly  different  from  inorganic  CaCO3 crystals.  Theltrastructure
aCO3 crystals
peleothems
ioﬁlm bacteria
iogenic
polymorphic  crystals  ranged  from  ﬁlaments  and  rods  associated  in  large  clusters  with  min-
eral crystals  to  spiky  needle.  The  results  endorse  the  hypothesis  that the  isolated  bacterial
species  contribute  to active  biogenic  inﬂuence  in  the  process  of cave  formations  in the
hypogean  environment.
© 2014  Saudi  Society  of  Microscopes.  Published  by  Elsevier  Ltd.  All  rights  reserved.. Introduction
Caves offer excellent habitats for studying biominer-
lization processes because they are stable environments
here microbial fabrics can be preserved without exten-
ive  changes [1]. Bioﬁlms, which are complex aggregation
f  microorganisms embedded in a self-produced matrix [2]
an  be found adhered to rock surfaces of such caves, com-
only  referred as speleothems. There is also considerable
patial bacterial diversity associated with bioﬁlm in these
ypogean (subterranean) environments revealing that the
icrobial  community associated with bioﬁlm may  be more
iverse  than previously thought [3].
Calcium carbonate speleothems dominate most known
aves of the world and recent studies have identiﬁed some
f  the factors that control the contribution of microbes to
∗ Corresponding author. Tel.: +91 9436102171; fax: +91 3642550076.
E-mail  address: srjoshi2006@yahoo.co.in (S.R. Joshi).
http://dx.doi.org/10.1016/j.jmau.2014.06.001
213-879X/© 2014 Saudi Society of Microscopes. Published by Elsevier Ltd. All riCaCO3 precipitation [4]. Laboratory experiments support
that  the microbial species isolated from these minerals can
produce  similar crystals from organic calcium salts [5–7].
Calcium carbonate precipitation is a common process in
some  bacterial species with a high percentage recorded on
media  containing calcium acetate [8].
India has a large number of unexplored caves and the
caves in Meghalaya are among the largest attributed to
huge  deposits of limestone in soils and abundant rainfall
[3].  The present study was aimed at isolating the calcify-
ing  bacteria inhabiting these caves and to analyze using
scanning electron microscopy the biogenic polymorphic
calcium crystals prevalent in the speleothems.
2. Materials and methods2.1.  Isolation of calcifying bacteria
The eight calcifying bacterial strains selected during this
study  were isolated from four caves in East Khasi Hills
ghts reserved.
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district (3 from Mawsmai cave, 2 from Mawjymbuin cave
and  1 each from Mawmluh and Dam caves) and East Jaintia
Hills  (1 from Labit cave) (Table 1).
The bioﬁlm samples from the speleothems of the caves
were  collected aseptically in sterile tubes and kept at 4 ◦C
until  analyzed. One gram of the samples were aseptically
transferred into 9 ml  sterile Ringer salt solution [SRL, India]
(1/4  strength) and vortexed brieﬂy for 2 min. Sample dilu-
tions  ranging from 10−1 to 10−5 were plated on B-4 agar
medium (2.5 g L−1 calcium acetate, 4 g L−1 yeast extract,
10 g L−1 glucose and 18 g L−1 agar) [9] and were spread uni-
formly with a sterile spreader. All experiments were carried
out  in triplicate with controls consisting of uninoculated
culture medium and medium inoculated with autoclaved
bacterial cells as source of dead cells. The plates were incu-
bated  aerobically at 25 ◦C (to mimic  cave temperatures) in
an  inverted position for 2 weeks. Each isolate was period-
ically  examined upto 25 days for the presence of crystals.
Individual colonies were selected and puriﬁed by streaking
on  B-4 agar.
Calcifying bacteria were preserved by various methods
[10]. For short-term preservation, bacterial strains were
incubated at 32 ◦C for 2–5 days and then kept at 4 ◦C on
slants of B-4 medium. For long-term maintenance, cultures
were  incubated in B-4 liquid medium for different periods,
depending on the growth rate of the culture, harvested by
centrifugation at 3000 rpm at 4 ◦C for 20 min, washed twice
in  NaCl (0.9%), resuspended in fresh B-4 medium and then
frozen  at −80 ◦C as bacterial suspensions in 17% glycerol.
2.2. Ultrastructural analysis of the crystals
Morphology and size characteristics of both the crys-
tals  and the microorganisms were studied by scanning
electron microscopy [JSM 6360 (JEOL); resolution, 3 nm;
magniﬁcation, 8–300,000×; accelerating voltage, 1–30 kV].
SEM  samples were prepared as follows: agar blocks of cul-
tures  grown on B-4 medium were ﬁxed onto aluminum
stubs with two-way adherent tabs with conductive paint,
and  allowed to dry [11]. They were then gold-coated by
sputtering for approximately 2–3 min  dried at 37 ◦C, gold
shadowed, and observed under the microscope [4]. Bacte-
ria  are generally nonconductive in nature and therefore the
surface  of such samples needs to be coated with a thin metal
ﬁlm  so that the surface has conductivity. Therefore in the
present  study gold sputtering is done (at a low vacuum of
about  10 Pa) forming a uniform ﬁlm on the surface.
2.3.  Characterization of calcifying bacteria by
ampliﬁcation of 16S rRNA
Once  calciﬁcation by the bacterial isolates was  con-
ﬁrmed, PCR ampliﬁcation of the 16S rRNA gene sequence
was  used to determine their identity. Genomic DNA iso-
lation  was done by HipurTM Bacterial Genomic DNA
Puriﬁcation Spin Kit (HiMedia, India) and the DNA bands
were  visualized in 0.8% agarose gel stained with ethidium
bromide. Genomic DNA content and purity were estimated
using a NanoVue Plus Spectrophotometer (GE Healthcare’s
Life Sciences, Sweden). Bacterial 16S rDNA was ampli-
ﬁed  using the universal bacterial 16S rDNA primers, 27F Ta
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5′-AGA GTT TGA TCC TGG CTC AG-3′] and 1541R [5′-AAG
AG  GTG ATC CAG CCG CA-3′] [12] under the following con-
itions  in Gene AMP PCR system 9700 (Applied Biosystems,
alifornia, USA): initial denaturation for 5 min  at 94 ◦C, fol-
owed  by 35 cycles consisting of denaturation at 94 ◦C for
 min, annealing at 55 ◦C for 1 min, elongation at 72 ◦C for
 min  and then cycling was completed by a ﬁnal elonga-
ion  step for 5 min  at 72 ◦C. A control tube containing sterile
Fig. 1. Phylogenetic tree constructed for the isnd Ultrastructure 2 (2014) 217–223 219
water  instead of DNA solution was  used as a negative con-
trol.  PCR products were analyzed by electrophoresis in 1.5%
(w/v)  agarose gel in 1× TAE buffer with ethidium bromide
(0.5 g/ml). PCR products were puriﬁed using QIAquick Gel
Extraction  Kit (Qiagen, Germany). Sequencing reactions of
the  16S rDNA fragments were performed with the Big Dye
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems,
USA) using the above forward and reverse primers. The
olates using neighbor joining method.
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nucleotide sequences were then deposited in GenBank and
accession  numbers obtained.
2.4.  Phylogenetic analysis of bacteria
The 16S rRNA gene sequence of the isolates and
their closest match were retrieved from EzTaxon server
[http://www.eztaxon.org/]  [13] and aligned using Clustal
W with MEGA software version 4.1 [14]. Neighbor-joining
method was employed to construct the phylogenetic tree
with  1000 bootstrap replications to assess nodal support in
the  tree [15].
3.  Results
The bacteria isolated from different speleothemic
niches had different morphology. Isolation of bacteria from
the  bioﬁlm in the laboratory showed varied species of
bacteria  (not shown in the paper). Only the representative
bacterial isolates which showed precipitation are men-
tioned  in the study. The duration for calcite precipitation
by these bacteria under laboratory conditions ranged from
12  to 25 days. A phylogenetic tree was also constructed
for all the isolates using neighbor-joining method with
1000  bootstrap replications (Fig. 1). Majority of the calcify-
ing  bacteria isolated from the cave environment belonged
to  the genus Bacillus and Lysinibacillus whilst the least
belonged to genera Acinetobacter, Kocuria and Brevibacillus
(Table 1).
Ultrastructural studies using scanning electron
microscopy showed that under laboratory conditions,
the isolates were capable of forming crystalline CaCO3
at 25 ◦C in B-4 medium containing calcium acetate. This
observation conﬁrms that under appropriate conditions,
especially in carbonate-rich environments such as a karst
cave  (large areas of limestone deposition with distinctive
surface and underground geomorphological features),
many bacteria can form CaCO3 crystals. However, no
crystals were detected on control plates inoculated with
Fig. 2. Morphotypes of crystals and their close association with bacterial cells isol
denote  the magniﬁcation in the ﬁgure). (A) Bacterial prints of Bacillus thuringien
Labit  cave. (B) Spiky crystals of Bacillus cereus isolated from cave wall deposit of M
isolated  from cave wall deposit in Mawmluh cave.nd Ultrastructure 2 (2014) 217–223
heat-killed (autoclaved) cells indicating the calcifying
bacterial strains as heterogeneous nucleus for the pre-
cipitation of carbonates through their metabolic activity.
The  CaCO3 precipitation phenotype on B-4 medium for
many  isolates was  lost when they were cultivated on other
media.  The calciﬁcation process could be restored by prior
passage  of the bacteria on media containing either calcium
acetate or CaCO3 powder.
The  SEM observations revealed that both size and shape
of  the newly formed crystals varied with the bacterial
strains selected for the calciﬁcation studies. Bacillus strains
were  the most common bacteria found among the calcify-
ing  isolates which led us to hypothesize that Bacillus spp.
may  play a major role in carbonate deposition in natu-
ral  habitats [5]. The size and shape of the microbial rods
of  Bacillus thuringiensis, isolated from Labit cave can be
observed on the surface or around the crystals (Fig. 2A).
Bacillus cereus, isolated from Mawjymbuin cave formed
spiky needle ﬁber crystals of calcite (Fig. 2B) whereas
large micro-rod ﬁlaments of calcite could be observed in
case  of Bacillus halodurans, isolated from Mawmluh cave
(Fig.  2C). The classiﬁcation of micro-rod calcite and its
origin  has been attributed to rapid precipitation at high
super-saturation states during evaporation in soils or to
calciﬁcation of bacilliform bacteria [16]. Our observations
revealed that although all the identiﬁed Bacillus strains
were capable of depositing calcium carbonate, there were
sharp  variations in the quantity and crystal shape of the
precipitated mineral. The presence of these highly var-
ied  structures of calcite indicated their formation through
microbial activities [17,18].
The two  Lysinibacillus spp. (Lysinibacillus macroides and
Lysinibacillus parviboronicapiens) isolated from Mawsmai
and  Mawjymbuin caves, respectively, were found to be
consistently precipitating in the medium. The morpholog-
ical analysis of calcite precipitated by L. macroides showed
the  predominance of spherulites as isolated spheres or
groups  of a few spherulites were seen covered by smooth
layers (Fig. 3A). Precipitation by L. parviboronicapiens was
ated from the Labit, Mawjymbuin and Mawmluh caves, respectively (bars
sis isolated from a stalagmite associated with the precipitated crystal of
awjymbuin cave. (C) A ﬁlament of calcite formed by Bacillus halodurans
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Fig. 3. Morphotypes of crystals and their close association with bacterial cells isolated from the Mawsmai and Mawjymbuin caves (bars denote the
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wagniﬁcation  in the ﬁgure). (A) Spherical crystals of Lysinibacillus macro
icrostone  precipitated by Lysinibacillus parviboronicapiens isolated from
ayers  of biolith of Acinetobacter johnsonii isolated from cave wall deposit
awsmai  cave.
bserved as a large aggregate of the individual bioliths
inding with non-globular carbonate bridges in between
Fig.  3B). SEM observations of Acinetobacter johnsonii,
solated from Mawsmai cave showed rhombic crystals of
alcite  in association with layers of bioliths (Fig. 3C), which
orroborates to the observations of Ferrer et al. [19]. The
ioliths, as observed in Fig. 3C also contained numerous
idges and depressions that included structures which
ere indicative of cell growth and division. Kocuria rosea,
Fig. 4. (A) Large calcitic ball, and (B) numerous calcitic ﬁlaments formed bated from a column of Mawsmai cave. (B) Large aggregate of individual
mn of Mawjymbuin cave. (C) Association of rhombic crystals with new
smai cave. (D) Spiky crystals of Kocuria rosea isolated from a stalactite of
isolated  from the same cave formed similar spiky needle
ﬁber  crystal pattern (Fig. 3D) as that of B. cereus. Similar
microfabrics have been observed in marine environments
and cave speleothems elsewhere which is suggestive
of microbial involvement in speleothem precipitations
[20,21].
Brevibacillus agri, isolated from Dam cave formed two
type  of crystals: large rounded balls of calcite and calciﬁed
ﬁlaments. The large ball of calcite seemed highly weathered
y Brevibacillus agri isolated from a cave wall deposit of Dam cave.
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and ﬁbrous in nature with sponge like non-globular bridges
(Fig.  4A). Numerous calcitic ﬁlaments can also be seen sim-
ilar  to that precipitated by B. halodurans. Rod shaped cell of
Br.  agri can also be seen in close association with the biolith
(Fig.  4B).
4.  Discussion
Bacterial consortia in caves acquire energy by various
pathways (transforming aromatic compounds, ﬁxing gases,
and  oxidizing reduced metals within rocks) and by their
interaction with minerals. This plays an important role in
reshaping  the mineral environment of caves and helps form
features  such as stalactites, stalagmites and various cave
wall  deposits [1,4].
The  present study showed that the bioﬁlm bacteria
present in the calcareous speleothem fragments from the
caves  could be cultivated on B-4 medium in the labora-
tory mimicking the ideal cave conditions and parameters.
This demonstrated a close association between the bac-
terial  cells as bioﬁlms growing in the cave walls and the
nature  of polymorphic crystals. Killed cells were unable to
precipitate  CaCO3 crystals in B-4 media, suggesting that
cells  need to be metabolically active for calciﬁcation and
that  cell structure alone is not sufﬁcient to promote the
process. Such calcifying bacteria might promote passive
carbonate precipitation in the studied caves, by modifying
the  medium as a result of the physiological capabilities [22].
The  production of such CaCO3 particles is known as pas-
sive  carbonatogenesis [23]. The role of microbial species
in  the development of secondary carbonate deposits in
caves  has remained controversial for quite some time [24],
with  mostly anecdotal evidence of microbial association
within speleothems [7] and the lack of a cause-and-
effect rationale [25]. Irrespective of the pathway, bacterial
metabolic activity in these environments appears to lead
to  the precipitation of various polymorphs of CaCO3. The
present observation corroborating earlier reports [8,26]
suggests that bacterial metabolism plays a dominant role
in  calciﬁcation process. Furthermore, it has now become
established that biologically produced exopolysaccharides
(EPS) too inﬂuence calcite precipitation rates considerably
[4]. Within the microbial bioﬁlms, microcrystals may  form
when  the conditions (pH and concentrations of ions) are
suitable  for mineral precipitation. These crystals, deposited
on  the cave walls, may  form a layer which when become
thicker and heavier, may  detach and accumulate, forming
thick  deposits. If the microcrystals are generated within
bioﬁlm formations hanging from the walls and ceilings,
visible crystals can be seen developing on their surface [27].
The  ultrastructural revelations of the polymorphs of
crystals suggest that the identiﬁed strains were capable of
depositing  CaCO3, with distinct variations in the quantity
and  crystal shape of precipitated CaCO3 under culture con-
ditions.  The bacterially precipitated calcite differed entirely
in  crystal structure from the pure inorganic calcite crystal
as  reported earlier [4]. Similar types of bio-minerals could
also  be observed in the speleothem samples and thus the
present  work supplements evidences for biogenic inﬂu-
ence  on the cave formations.nd Ultrastructure 2 (2014) 217–223
5.  Conclusion
The study produced concrete proof based on SEM stud-
ies  that support the involvement of bioﬁlm bacteria in
speleothem formations through calcite precipitations in
caves,  when investigated for lesser known caves of Megha-
laya.  The nature of carbonate crystals produced by the
studied bacterial strains was  found to be strictly calcite
crystals as they developed in media supplemented with
calcium source. The bacterial precipitation of CaCO3 has
been  overlooked by some researchers as a passive one,
as  information is scarce to link calcium metabolism with
microbial energetics. Therefore, further studies based on
calcium  ion sequestration, X-ray diffraction studies and
stable  isotope chemistry could shed further light on the
biogenic role in speleothems formation.
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